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SUMMARY
As interstate and highway traffic increases commute times become drastically large.
Such large commute times create fatigue and take away from productive hours at work, or
joyful hours at home. The idea of urban air mobility becomes increasingly more attractive
and viable as technology improves. These more advanced rotor concepts have opened up
the design space in order to satisfy a very different mission profile. Nontraditional rotor
concepts can provide performance benefits within a new use of the design. Designers have
been exploring various new configurations that there is not much research behind.
In the past, since rotors have been used in a traditional helicopter configuration, acous-
tic research is centered around this configuration. Through this history, aspects of these
UAM configurations can be extrapolated. Rotors generate a diverse spectrum due to the
many noise sources. Each of the noise types have been matched up with their respective
sources and discussed. Rotor noise is separated into periodic noise or harmonic and non
periodic noise, which depend on rotor noise source whether it is sourced from the circling
of the blade or random fluctuations. Thickness noise is generated from the thickness of the
airfoil blade, loading noise is generated from the loading on the blade, and broadband noise
accounts for all random turbulent fluctuations. These noise types have various levels of fi-
delities they can be modeled within; semi-empirical, analytical, and numerical. This thesis
summarizes rotorcraft acoustic principles and modeling techniques in various fidelities.
Previous research primarily focused on source noise identification which provides some
of the possible design parameters that can influence noise. By looking at configurations
that can build off each other, along with these design parameters that can impact noise,
run matrices can be generated. This thesis looks at coaxial rotors, a ducted rotor, and a
combination of both with a ducted coaxial rotor system. The run matrices are divided into
configuration parameters and design parameters, as to section the potential noise genera-
tors. This way it can be seen if the noise can be contained through the configurations or the
xvi
rotor design alone.
Since these urban air mobility vehicles are flying in close proximity to people and
buildings, noise becomes a larger concern, but there is not a lot of research at how an
acoustic signature might change due to configuration. There is a particular literature gap
for acoustic modeling within the conceptual design stage for advanced configurations. This
thesis aims to help create an approach for designing these configurations with acoustic
concerns.
By using a higher fidelity numerical model and varying design and configuration pa-
rameters, influential parameters of rotorcraft acoustics can be identified. If trends can be
identified from these parameters and their corresponding outputs, a lower fidelity model
may be generated in order to represent an acoustic signature of an advanced rotor concept
at the conceptual design stage.
This research presents the results from detailed noise modeling, analyzes trends within
the results, and fits a model to the data. This best fit model provides a simplified way
of accurately accounting for noise early on in the design stages. Such a model demon-
strates the ability to design with noise in mind, for a new class of vehicles. Additionally,
it gives insight on what level of CFD fidelity is necessary for acceptable noise results, and
source noise generation and non-traditional rotorcraft configurations. While the aerody-
namic analysis was not the main objective of this thesis, the CFD was substantiated and
assured to be acceptable through multiple ways. The flight conditions for these rotary sys-
tems were taken from Schatzman’s work as to confirm authenticity in comparison and how
noise may change in similar situations [1]. A sensitivity study for mesh size was not done
as to save computational time, but the results were accepted in accordance to the conver-
gence of the residuals. Mach number contours matched the desired input as well as the
shape match that of Schatzman’s. The surface pressures were exported into an acoustic
solver for further analysis.
PSU-WOPWOP was the acoustic solver used for this research which uses Ffwocs
xvii
Williams Hawking’s Equation. This is an extension of Lighthill’s acoustic analysis, and
allows for the design sources to be separated and summed. The direct noise source in ref-
erence to the specific vehicle design can be isolated. PSU-WOPWOP accomplishes this
all by taking in geometry and surface pressures. Geometry file is representative of a single
blade and generated by predetermined parameters along defined span locations. The blade
is then repeated as needed for the case. Loading files are generated using the surface pres-
sures from CFD and converted into forces, which are then distributed across the revolution
of the blade spinning.
Representative models provide ways in which equations can fit the data, and therefore
substitute the process to provide accurate acoustic data within an earlier design stage. This
representative model is the final output of this thesis. Multiple representative models were
attempted including neural networks, fit of least squares, and stepwise regression. The best
fitting model was determined through a small standard deviation, no outliers, and an R
squared close to one. Other important graphs that assisted in determining the best fitting
model was residual by predicted plots, and actual by predicted plots that displayed a good
spread of the data and lack of outliers.
The acoustic results show consistency across all configurations. The frequency shows
that thickness noise is the primary source. Looking at the influential parameter results from
predictor screenings, coaxial rotors show that majority of noise is generated from design
parameters. The configuration parameters are less influential. Within the ducted cases it
remains consistent that the design parameters are more significant and the configuration
parameters are less. The ducted coaxial configuration displays a similar pattern with more
significant design parameters than configuration parameters. Across all three configura-
tions the most influential parameters were blade tip Mach number, chord, and rotor radius.
This confirms the physics relationship between noise and sound. Thickness noise being a
primary source, substantiates the chord length being a large driver of noise. Finally, rotor
radius showed to have an inverse relationship to noise, showing that a larger rotor radius
xviii
allowed for less turbulence and noise.
The best fitting model was the stepwise regression model which displayed similar trends
throughout the configurations. These trends showed that a simplified model can be created
to capture rotor noise through rotor design and configuration parameters. This shows that





1.1 Introduction and Motivation
As city population increases so do commute times. This takes away from important hours
at work or at home and creates fatigue. While roadways are clogged, the airways remain
open for exploration. This generates a very different mission profile for flight vehicles.
Flight has traditionally been used for longer travel where landing can take place further
away from residents. Urban air mobility creates the concept of a shorter mission profile to
travel from home to work with landing and takeoff being amongst homes or work life. Due
to the landing and takeoff happening in such close proximity to buildings and the need to
conserve space, vertical take-off and landing is the most rational method of transport.
More advanced concepts and configurations are being explored due to their potential
benefits. Many provide performance advantages such as increased lift or thrust, or reduced
sized rotors. These benefits are especially helpful when designing UAM vehicles due to the
different mission profile. UAM vehicles are flying in more confined spaces, such as cities,
and space limitations become more prevalent[2].
Rotary concepts have been known to be noisy which remains one of their main draw-
backs. While urban air mobility has these vehicles flying much closer to people than tradi-
tional aircraft, they have been shown to be quieter than traditional helicopters. The Volo-
copter has been shown to have at least a ten decibel drop compared to the R22, as well
as a very different acoustic signature [3]. With the various differences between urban air
mobility and traditional rotorcraft flight, a method to capture a representative sound within
the conceptual design stage needs to be created.
Noise is an important aspect to consider when introducing these vehicles to the com-
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munity because they cannot be integrated into everyday life without community acceptance
[4]. A history of rotorcraft noise, along with computational modeling efforts of this noise is
detailed in this thesis. Additionally, current literature gaps are highlighted, and a potential
approach to address them is provided.
1.2 Background
UAM vehicles tend to be smaller than traditional helicopters. Usually, UAM vehicles seat
one or two people while traditional helicopters can seat four. This is because they want a
smaller payload for UAM vehicles so they can move more quickly and efficiently. Current
modeling tools are only valid for larger vehicles that seat more than two people[4].
1.2.1 Acoustics and Noise Types
It is important to fully understand the problem of interest. Therefore, noise must be un-
derstood in its generation (source). Many noise types can be produced from a rotorcraft
design. Discussed below are the creation and characteristics of thickness, loading, broad-
band, Blade Vortex Interaction (BVI), and High-Speed Impulse (HSI).
Noise sources are defined by how the noise propagates from them. This is important
to note because rotorcraft acoustics tend to be very directional. If noise propagates equally
in all directions, spherically, it is a monopole noise source. See Figure 1.1. A dipole
noise source is one in which noise only propagates in two equally, but opposite directions.
Meaning that there is only noise heard 180 degrees apart from the two directions and no
noise is heard in the other directions. See Figure 1.2. A noise source that propagates in
four directions equally is a quadrupole. See Figure 1.3 [5].
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Figure 1.1: A monopole
sound source [6]
Figure 1.2: A dipole sound
source [7]
Figure 1.3: A quadrupole
sound source [7]
The sound that is produced by these noise sources is typically separated into two cat-
egories, tonal noise or broadband noise, which add up to the total noise. Tonal noise is
harmonic in nature. Broadband noise is due to random fluctuations of loading or aerody-
namic phenomena. Broadband noise is harder to describe because of the random nature,
while tonal noise are distinct tones and are more likely from cyclic sources. The following
are a list of noise types defined and grouped commonly in literature.
1.2.1 Thickness Noise
Thickness noise is the noise produced by the thickness of the rotor blade cutting through
the air. It is generally harmonic in nature due to the rotational nature of the blades. This
noise type produces a monopole source, which acts spherically in all directions [5]. Due
to the source coming from the blade, thickness noise tends to propagate along the plane of
the rotor. This can make the directivity act more in the plane of the rotor and less directly
underneath the rotor. In previous studies, it is shown that thickness noise can go to zero
directly underneath the rotor[1]. This noise type is the easiest to model as a geometry and
motion is all that is required regardless of modeling type [8, 9, 10, 11].
When the blade tip speed begins to enter the supersonic regime, thickness noise begins
to increase to a point where it creates a different noise type called HSI [5].This generates
a quadrupole type source that can be very complicated to model, but can be easily avoided
3
by staying within a subsonic regime.
1.2.1 Loading Noise
The noise produced from the loading on the blade is referred to as the loading noise. This
force can be fluctuating or steady and the noise will reflect that. Loading noise is a dipole
noise source and acts below and above the rotor [5]. Typically, any noise that propagates
above the rotor is ignored because it would dissipate into the atmosphere.
At high speeds, the vortices shed off the blade in close enough proximity that the vor-
tices begin to interact. This generates a different noise type called BVI. This is a quadrupole
noise source that has directionality forward, behind and/or under the rotor. The other noise
direction acts above the rotor and is often ignored because it would not propagate to the
ground where receivers would be. BVI is the unsteady pressure fluctuations on a blade
caused by interactions with previously generated tip vortices [5] [11]. This noise has been
correlated to flight condition and miss distance, which is the vertical distance between the
shed vortex and rotor plane. In order to minimize BVI, one would look to minimize miss
distance.
1.2.1 Broadband Noise
Broadband noise is the production of many different noise sources that generate the same
type of noise. Blade loading associated with turbulent flow on or near the blade surface is
the source of broadband noise [5].
This means that broadband noise includes noise generated by turbulence ingestion
noise, Blade Wake Interaction (BWI), and blade self-noise. Turbulence ingestion noise
happens because of atmospheric turbulence and wake re-circulation that occurs near the
ground. High or low frequency can be produced depending on the eddy size. BWI occurs
when the rotor encounters wake turbulence and produces mid frequency noise. This pro-
duces a significant amount of fluctuating inflow velocity, which effects performances dur-
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ing forward flight or climb. Blade self-noise can be produced by several different sources.
Boundary layer turbulence, separated boundary layer, vortex shedding, and tip vortex for-
mation are just some of the possible aerodynamic properties that can cause blade self-noise
[5].
Broadband noise falls in a frequency range that is very sensitive to the human ear (1 to
5kHz) [12]. This can make this noise type very important to model, while the modeling
associated with broadband noise can be rather complicated.
1.2.2 Flight Condition Influence on Acoustics
All of these different noise types create the acoustic signature of a vehicle. As the vehicle
moves along its mission profile, particular noise types can become more dominate than
others. This is important to note so that the dominate noise type is not only included, but
the primary focus. Meaning that if a more complex noise type is dominate, a certain level of
fidelity might be required in order to accurately represent that noise type. Dominate noise
types can also be used to determine if other noise types are negligible, if so, modeling can
be potentially simplified [5].
Since a rotorcraft will always have thickness to its blades and loading on the blades,
thickness and loading noise remain important contributors to the acoustic signature through-
out the mission profile. As a traditional helicopter ascends and descends, broadband and
BVI noise dominate the acoustic signature. Broadband remains dominate throughout for-
ward flight. If the vehicle were to enter high speed forward flight than HSI noise would
dominate accordingly. As far as how the acoustic signature of non traditional rotorcraft
vehicles would change throughout a mission profile is an area of research that is under-
developed. For now, it is assumed that non traditional vehicles follow a similar enough
pattern to a traditional helicopter [5].
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1.2.3 Configuration
Most often designers use different configurations than a traditional isolated rotor for the
performance benefits. It is shown that configurations such as a ducted rotor can provide
similar thrust with a smaller rotor [13]. This can be useful when designing for UAM ve-
hicles space limitations. A coaxial rotor allows for the elimination of a tail rotor or other
anti-torque control along with the potential for greater lift efficiency [14]. UAM vehicles
can especially take advantage of this benefit due to a simplified design and physical space
limitations.
All of these different noise types are apparent with any type of rotorcraft, but the acous-
tic signature changes based on configuration. It is important to note conceptually how
configuration influences noise, in order to quantify this information later.
1.2.3 Ducted Rotors
When looking at ducted rotors in comparison to an open rotor, the duct shields noise in
the plane of the rotor. Since thickness noise is generated from the thickness of the blade,
thickness noise is reduced greatly due to the blockage of the duct. The duct also takes some
of the loading off the blade and therefore loading noise is also reduced. Broadband noise
increases though due to the boundary layer turbulence between the blades and the wall of
the duct [13].
The duct dimensions are highly influential on the acoustic signature. While the thicker
the duct the less noise is transmitted through it and more is shielded, the length of the
duct can possibly hinder the design. Ducted rotors can be louder at higher frequencies
depending on if resonance of the duct occurs, this is controlled by the length of the duct
matching the wavelength of the frequency. This can be avoided by ensuring that the Blade
Passage Frequency (BPF) of the rotor does not reach the resonant frequency, which would
be controlled through the RPM of the rotor. It has been shown that a ducted rotor can
be overall slightly louder than an isolated rotor, but they are relatively close in magnitude
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[15]. Due to the increase in boundary layer turbulence and complex nature of the noise
generated, CFD is recommended when analyzing this type of configuration [13].
1.2.3 Coaxial Rotors
Coaxial rotors refers to a rotor system with two sets of blades vertically distributed from
each other on the same hub and motor. These blades rotate in opposite directions from
each other. This means there are twice as many blades as the traditional main helicopter
rotor, which means higher thickness noise. If this configuration is run in supersonic con-
ditions, where HSI noise would occur, HSI noise would be much greater than traditional
helicopter HSI noise. This is due to the shock rotor blade interaction between the upper
and lower rotors. Due to unsteady loading on coaxial blades, the loading noise increases
in this configuration. Since BVI noise is an extension of loading noise, this means that
BVI noise would also increase due to more vortices and more blades interacting. Broad-
band noise would also increase due to the increase in vortices and unsteady nature of this
configuration [1, 14].
The most influential parameter within this configuration is the vertical separation be-
tween the blades. This particular parameter has an interesting effect on the acoustic signa-
ture. While reducing the axial gap between the rotors reduces the broadband noise compo-
nent it increases the tonal component. This gives the impression that there is some optimal
axial gap that can be calculated, but research within this area is limited. Due to the increase
in air circulation and complex nature of the noise generated, CFD is recommended when
analyzing this type of configuration [1].
1.2.3 Ducted Coaxial (Both) Rotors
A ducted coaxial rotor configuration is an interesting hybrid of the previous mentioned
configurations. Since this configuration is a combination of the previous two, it will be
referenced as ”both” for now. No research was found about this particular configuration in
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terms of acoustics.
It is assumed that this particular configuration would potentially act in a combined
fashion as the two individually would. While the two rotors would create more thickness
noise, the duct would shield noise in the plane of the rotor, and the thicker the duct, the more
shielding. The length of the duct could still create resonance that would need to be avoided.
Loading noise would be less than an open coaxial rotor due to the duct taking some of the
loading, but greater than a single ducted rotor. This configuration possibly falls in between
the aforementioned configurations, being generally louder than a ducted rotor, but less than
an open coaxial rotor. This is all assumed and many factors can change or influence this
estimation such as various design parameters, flight condition, and directionality.
1.2.4 Modeling
Acoustic modeling generally has two parts, the surface pressures on the object or system in
question (usually calculated through CFD), and the propagation to a receiver. This allows
separation between the system and the environment the system is in. Lower fidelity mod-
els would combine the two processes into one equation for simplicity and speed. Higher
fidelity models keep the two processes separate.
There are many different ways to model noise with varying degrees of accuracy. Usu-
ally the simpler the model (i.e. less computational time and fewer inputs), the higher the
degree of uncertainty. These various types of modeling, even those with a higher degree
of accuracy, can still be useful within the early design stages. Several different models of
varying degrees of accuracy and inputs were surveyed.
The main interest of this project was a model to be used in the conceptual design stage
that had few inputs, fast computational time, with the drawback of having higher uncer-
tainty in the results.
The following documents the various modeling types that were looked at, which include
semi-empirical and numerical models.
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1.2.4 Semi-Empirical
Empirical models are based off of experimentation, tend to be less timely, and are best
used in a preliminary design state due to the low number of inputs required. They tend to
have a lower fidelity compared to numerical models with many assumptions and with this
type of modeling, each noise type is calculated as an isolated noise source and in order
to have a full acoustic signature of the rotorcraft, the calculations would have to be for
each noise type, summed across noise types and then repeated for various distances and
frequencies. It is important to expand across these dimensions in situations where a high
frequency may return a low noise level, while a low frequency may return a high noise level.
Refusing to look at the many dimensions of noise, may allow for certain parameters to be
overlooked. This would result in improper design in accordance to noise and annoyance
from the community. There is potential for this to be bypassed by looking at particular
frequency bands where noise for these vehicles tend to be the highest.
Even with this repetition, the time of calculations would be less costly compared to nu-
merical models [16]. Figure 1.4 shows how rotor noise can be divided down into individual
parts to be modeled separately. While Figure 1.5 displays the steps one would go about to
use all the models in conjunction with each other.
1.2.4.1.1 Thickness Noise Thickness noise can be easily modeled with very few inputs
using the work of Hawkings and Lowson. In this model, the geometry of the blade matters
fairly little since it only requires the number of blades, the chord length, and the blade
thickness. It is assumed that the blade chord to rotor diameter ratio value is .03 due to
commonality in original designs. The incremental sound pressure level adjustment, which
is another input parameter is a correction factor which corrects for rotors with different
blade chord to rotor diameter ratio values [16]. For other design conditions the effective tip
Mach number is needed, as well as receiver location. This is very minimum information
about how fast the vehicle is flying from where. Other computational processes would
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Figure 1.4: Flowchart for the various semi-empirical rotorcraft models (recreated from
[16])




Equation 1.1 computes the sound pressure level at a given harmonic frequency. In order
to acquire a full spectrum of frequencies the equation would have to be repeated numerous
times. In contrast, in order to get an initial estimate of noise the equation would only have
to be done once. This equation can be of good use in the early design stages because of
the lack of information needed, as long as the assumptions inherent in this computation are
understood.
SPLmβ = 40logMe + 20logR/r+ 20logh/c+ 20logB+ ∆SPLT + ∆SPLK − .9 (1.1)
1.2.4.1.2 HSI Noise Based on the work of Arndt and Borgman, high speed impulsive
noise is shown as a compressibility induced drag [17]. This model only requires the ro-
tor blade chord length, effective rotor radius, and rotor radius for geometry inputs. The
effective blade tip Mach number is the only dynamic input and the drag divergence Mach
number is the only aerodynamic input required. There is a limit for the range of effective
blade tip Mach number for this particular model [16].
Noise levels at each given harmonic frequency are given by Equation 1.2, where rep-
etition would be required to get noise levels amount an entire frequency spectrum. This
model works well as long as the limitations of flight conditions are maintained. If the




+ 20log[(Me −Mdd)c/R] + ∆SPLc − 21.6 (1.2)
1.2.4.1.3 Loading Noise An example of a semi empirical model of loading noise is
given in Equation 1.3 and based off of Lowson and Ollerhead [18] which does not include
BVI noise or thickness noise. This methodology assumes an arbitrary point loading with
random phasing and a thrust to drag to radial force of 10:1:1. The force ratios in actual
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flight would vary. This would create uncertainty within the model since it relies on the
assumption. The benefits of this semi empirical model is that the only geometry required
is the number of blades, effective rotor radius, and the rotor azimuth angle. The flight
conditions required by the model is the forward velocity, blade tip Mach number, rotor
speed, and the total rotor thrust. No aerodynamic data is required for this particular model
[16].
This model can be used to calculate noise of a tail rotor, but does not translate to other
kinds of configurations. Adjusting for a tail rotor a different set of incremental sound
pressure levels (δSPLtr) would need to be used, based on hover or in flight conditions.
Equation 1.3 provides an opportunity to capture loading noise without a full computational
analysis of the aerodynamics of the system. While there are limitations in conditions, and









1.2.4.1.4 BVI Noise BVI noise can be modeled using the work of Wright [19]. Since
BVI is dominant in ascent and descent, this model only works from certain helicopter flight
conditions. See Figure 1.6. The lift ratio...varies from about .15 for a conventional blade to
about .07 for a blade with blade tip air injection.
Outside of this regime, BVI may not be present or another method would have to be
used to capture any noise representative of BVI noise. This particular model is is more
dependent on design parameters that pertain to the rotor specifically such as number of
blade and the lift ratio (δL/L0). The lift ratio pertains to differences between a conventional
blade (constant chord, linear twist, square tip) or if blade tip air injection is used. With the
limitations this model has due to flight conditions information such as total thrust, rotor
speed, and air density are also required. Due to the many limitation this model has, it can
12
Figure 1.6: Flight region where this BVI noise model may be used[16]
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+ ∆SPLbv + 190.2
(1.4)
1.2.4.1.5 Broadband Noise Since broadband noise is composed of many different sources,
it is difficult to isolate each source and it is timelier to combine the sources since a similar
output is given in each case. The model does not account for boundary layer, turbulent
inflow and vortex interaction effects. In the model, the shape of the blade is unnecessary
and only the total blade area of the rotor is required from the geometry. Dynamics require
the thrust and rotor tip speed, while the only aerodynamic data needed is the average blade
lift coefficient.
The model given in Equation 1.5 outputs sound pressure level [16] at the peak one-third
octave band. The peak broadband noise can be calculated using another equation based on
total thrust and rotor tip speed. This equations can be extended to other one third octave
bands, but cannot be used for a full frequency spectrum analysis. More comprehensive







(cos2θ1 + .1) + S1/3 + f(C̄L) + 130 (1.5)
C̄L is the lift coefficient function and for most helicopters with a C̄L ≤ .48 is 10log(C̄L/.4).
This changes for helicopters with higher coefficients of lift. Since the vehicles under in-
vestigation for urban air mobility are not traditionally helicopter by design, the maybe be
different or unknown. This model may not accurately reflect the noise signature of different
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vehicles. For this noise source for urban air mobility systems, a different model or more
extensive modeling may be necessary.
1.2.4 Analytical
Analytical models are based purely off theory and provide a closed form solution. This
gives a response for a singular point and would be used similarly to a semi-empirical func-
tion. These models only work for one configuration because the theory would be based on
a singular set up. Few inputs are required for these models. Some form of integration is
common among this methodology. These models are very derivation focused and include
multiple equations, which the final equation will be listed. Example rotor models will be
given and advantages, disadvantages, and assumptions will be explained.
1.2.4.2.1 Thickness Noise Farassats thickness rotor noise analytical model will be dis-
cussed below. The model is particularly for rotors at high tip Mach numbers, but this paper
was before the term high speed impulse noise was coined. The input parameters for this
model are rotor motion, planform, and airfoil thickness distribution which is an advantage
for design within the conceptual design stage. Unfortunately, this model is limited to hover
and forward flight along with only a traditional helicopter configuration [20].
p(












1 + F ′2(η1)sinθ
dΓ (1.6)
1.2.4.2.2 Loading Noise Filotas will be exampled for intensive loading and BVI noise,
which at the time of the paper was referred to as blade slap. This model uses Lowson and
Ollerhead [18] research similar to Peggs [16] work, where a Fourier analysis of a finite
aspect ratio wing flying at uniform speed over infinitely long line vortices is used. The
model fails to account for rotation which introduces a linear spanwise velocity gradient to
the free stream. The magnitude of this velocity gradient unknown, but must remain small
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compared to the free stream velocity for this model to hold true, which remains unrealistic
in application. This can be accounted for using results from other papers since this effect
is not negligible. This paper also discusses the importance for higher order terms to be
investigated as well [21].





1.2.4.2.3 Broadband Noise In this noise type, an analytical model for a coaxial rotor
configuration will be exemplified. This has been done by Blandeau, where he uses strip
theory to treat the spanwise variations of aerodynamic quantities and blade geometries.
Turbulent wake is assumed homogeneous and isotropic turbulence that is modulated by a
train of wake profiles. The unsteady blade response is represented by unloaded flat plates,
which removes the effect of angle of attack, which can be significant in non-isotropic tur-
bulence. The tonal components are ignored in the model by assuming it is dissipated by
the far field. This assumption is not necessarily accurate in application, but it is a common
practice within the field [22].
p(x0, t) = −
∫
s2




Numerical models are based off of physics over time and are best used in a detailed de-
sign stage for more accurate data. Various inputs can be used within this modeling type.
Generally speaking, the more information provided, the more accurate the noise data will
be.
The more complicated the noise type, the more information that is required to have
greater validity. For example, acoustic solvers can solve for thickness noise with just the
geometry of the blade, while HSI noise needs more information such as CFD, in order to
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predict compressibility effects and their location. All of the inputs are given to an acoustic
solver which then propagates the source to the desired location, which can be a single
observer point or a grid of observers. Figure 1.7 shows a generalized process for numerical
modeling.
When it comes to acoustic calculations, the highest fidelity data is predicted when Com-
putational Fluid Dynamics (CFD) data is given as an input [23]. While many commercial
CFD packages have an acoustics module within them, they still use a form of acoustic
solver. While the acoustic solver equation may be the same, the process may still differ
in regards to time and acceptance in the aerospace community. When CFD data is un-
available, detailed flight control and dynamic data can be given as an input. Both of these
calculations make numerical models rather timely [24].
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Figure 1.7: A flowchart that shows how numerical models would be used generically
1.2.4.3.1 Kirchoff Formulation The Kirchoff Formulation for moving surfaces uses
physical sources represented by mathematical sources on the surfaces. The governing equa-
tion is an inhomogeneous wave equation where all the physical sources are on a fictitious
surface. In this methodology there is no volume integration necessary, which makes it
computationally less expensive. Until about 20 years ago, Kirchoff could not be used for
aeroacoustic significance because CFD was underdeveloped. It is less popular because
the source terms are not as easily traceable and/or isolated which makes it less ideal for
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designing [25, 26].



















Where Mn = vn/c, p′ is acoustic pressure, t is time, and c is speed of sound.
1.2.4.3.2 Ffowcs Williams Hawkings Equation One of the most commonly used acous-
tic rotorcraft numerical models is PSU-WOPWOP which is a code developed by NASA and
utilizes Ffwocs Williams Hawkings (FWH) acoustic solver [24]. This is an extension of
Lighthills acoustic analogy with surfaces using surface and volume integrals. It uses Navier
Stokes equations along with an inhomogeneous wave equation. Typically, the quadrupole
term is excluded in this methodology to save time, but can be included if desired at compu-
tational expense. The quadrupole is primarily important in transonic or supersonic cases.
The FWH is a popular acoustic solver due to its ability to isolate sound sources which can
be used in design stages to properly diagnose the noisiest source [25].
Equation 1.10 is the FWH equation and is typically solved through Farassat’s equation
which excludes the quadrupole term. This can be included in cases where supersonic noise











[(ρovn + ρ(un − vn))δ(f)]
(1.10)
Where Tij is the Lighthill stress tensor, un is the fluid velocity in the direction normal
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to the surface f = 0 and vn is the surface velocity in the direction normal to the surface.
1.2.5 Literature Summary and Gap
Each model comes with its limitations as well as its best use cases. The level of fidelity of a
model is proportional to what stage the design is in. In some situations, where less informa-
tion is known about the design and flight configuration, such as the conceptual design stage,
a semi-empirical model can be more useful. While, the more information known about the
final design, the more accurate the acoustic signature can be predicted using a numerical
model. The desired fidelity for this study is in the semi-empirical modeling stage where not
very much is known about the design, and the acoustic signature is a rough estimate. This
way the design can be easily changed early on in the design process to avoid complications
later on.
All of the acoustic models discussed above is based around the wave equation within
different applications. While the semi-empirical models are extrapolations of testing data
to bypass theoretical applications, the theory is still present in the real life physics. This
thesis provides a methodology for creating a semi-empirical model without the troubles of
testing. Which would provide a simplistic model to be used in an earlier design stage.
As seen above by the aforementioned models, the level of fidelity of a model is also
proportional to how flexible the model is when it comes to various designs. The semi-
empirical models only are valid for a traditional helicopter configuration, while numerical
models like WOPWOP can work for any configuration of rotorcraft. The literature gap lies
here, as identified by the likes of Brentner and NASA [4, 27], where there is not semi-
empirical models for various rotorcraft configurations. With new research areas such as
Urban Air Mobility on the rise, it is important to have lower fidelity models such as semi-
empirical models for various rotorcraft configurations for the conceptual design stage. This




If urban air mobility vehicles were modeled today, any of the aforementioned modeling
could be used with various advantages and disadvantages. It is dependent on the particu-
lar vehicle and mission profile to be able to assess these pros and cons. The results can
change dramatically based on the situation, therefore, the problem formulation is critical in
analyzing what is the solution.
In an ideal world, these vehicles would simply just be built and flown with flight test
measurements or put into a wind tunnel with microphones. This would be the most ac-
curate, highest fidelity approach. This would allow for testing of many different flight
conditions and design parameters and empirical relationships to be formulated from those
variations.This option tends to be extremely costly and timely. It is also desired that noise
is estimated before the production, in the conceptual design stage.
Calculating the surface pressures on the system in question is as accurate as the CFD
performed. Therefore, the level of fidelity of CFD is just as accurate as the level of fidelity
for acoustic modeling. The acoustic solver would convert the surface pressures to acoustic
pressure and propagate the data to the desired receiver.
The highest fidelity that modeling can provide is using CFD along with Computational
AeroAcoustics (CAA). This method can be extremely timely and very, computationally
expensive because it provides the most accurate process. CAA is one of the highest fidelity
propagation methods. This would require a lot of knowledge about the final design[28].
One of the lower fidelity approaches to conceptual noise design of UAM vehicles would
be to use the semi-empirical models for rotorcraft with some correction factors applied for
different designs and flight conditions. The correction factors would be calculated by using
some CFD data points of different configurations in order to better represent the designs.
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Another lower fidelity approach would be to derive an analytical model directly from
theory. Unfortunately, this would only work for one given situation because the derivation
would only be for one situation at a time. In many analytical models such as ones discussed
above, they only consider tonal or broadband noise at a time. The derivation would have to
be repeated for various configurations, flight conditions, and noise types.
With UAM being under development, the market is still considering many different
concepts for these vehicles. Designers may not know all the particular design or configu-
ration parameters for them, therefore using a model with few inputs and fast computation
would be ideal. Since there are limited semi-empirical models for these non-traditional
configurations and the expense of production and testing for real world concepts, oppor-
tunities for trade offs and design exploration become apparent. To avoid testing, a higher
fidelity model would be used instead, and in order to avoid finalizing design details too soon
a lower fidelity model would be created for the entirety of the conceptual design stage.
Since both, the configuration and the more detailed rotor design may be unknown at this
design stage, this research aims to relate design and configuration parameters to the output
of noise. This becomes the overarching question for this research because the exploration
is around configuration and the desire is to quantify the noise outputs. If design and config-
uration parameters can be related to noise outputs, a model can be built to replicate it. The
desire is to create a model that can fill a literature gap within the conceptual design stage.
It is known that parameters affect noise, but by how much and in what way? Which brings
us to the following hypothesis.
Hypothesis I: If design and configuration parameters can be related to noise outputs by
controlled detailed modeling, a simplified model can be built to replicate it.
This hypothesis will be tested by controlling the design inputs of a rotor system and
investigating the noise outputs to see if a relationship exists. The purpose of this exper-
iment will be to see if the outputs of the system can be controlled by the inputs. After
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the inputs and outputs of the system are analyzed, trends can be looked at across all three
configurations, and an attempt at a representative model can be done.
It is not known whether trends can be identified and whether they would be a well
enough fit to be a usable model. An acceptable model will be determined by the fit of the
model to the data results through a low standard deviation, few to no outliers, and an R
squared value close to one. This concept gives the final hypothesis.
Hypothesis II: If noise trends are apparent across various configurations, then acoustic
considerations can be accounted for in the conceptual stage across the UAM design space
of interest.
This hypothesis is going to be tested by the development of a low fidelity acoustic model
to look at the inputs and outputs of design and noise on a larger long term scale. By proving
that computational time can be reduced, while still showing a certain level of fidelity in
results, the hypothesis can be proven correct. The level of fidelity will be determined by
the R squared value of the model fit, and if the data looks visually consistent.
If this hypothesis is proven to be correct, this would be a significant contribution to
the field, allowing designers to design with noise concerns early in the design process.
This would help to mediate noise in UAM vehicles before they even start to integrate into
society. This would make them more accepted by society.
The following research questions center around the approach and model development,
which are more open ended.
As the design space for complex rotorcraft concepts increases, modeling tools in the
conceptual design stage are more desired. Designers need to be able to tell early on in
the design process whether a configuration will have acceptable noise levels. There is no
historical data on these vehicles because of the recent development of this field and the
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amount of time it would take to experimentally test each of these concepts to develop a
representative equation would not only be timely, but expensive. This thesis aims to de-
velop an approach to creating a model to help aid in design within the conceptual design
stage. The approach calculates the noise of various configurations using a higher fidelity
numerical model to create a fast lower fidelity model with minimum inputs. This leads to
the following overarching research questions.
Research Question: How is the configuration space for rotor noise analysis quantified?
Research Question: What are the most important parameters to consider when designing
according to rotor noise?
The important design characteristics have been looked at by previous work, but not yet
quantified. These previous studies identify the parameters of interest for this study. The
following tables below list the parameter of interest, including design and configuration
parameters, and the limits to which they varied. These parameters and their limits were
taken from literature. These design parameters were chosen because they are commonly
found to be influential of the acoustic signature of rotors from previous models. The ranges
and designs were chosen to be representative of rotors that designers are looking into for
UAM vehicles. This means that these parameters need to be practical and that the range
needs to be big enough to capture the trends in acoustic signature, but small enough that
the study does not become overly computationally taxing. One of the goals for this study
is to negate negligible parameters and quantify the influential parameters.
Starting with the configuration parameters, vertical separation was chosen as an impor-
tant parameter based off the the work by Schatzman [1] and the limits were chosen based
off a combination of her work as well as other UAM company interests and designs. Duct
length and width were chosen as parameters based of the work by Zentichko [13] and the
limits were chosen based off a combination of his work as well as other UAM company
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interests and designs.
The design parameters were chosen through common parameters that are influential to
the acoustic signature within the work of Pegg [16] along with Ahuja [5]. The correspond-
ing limits were chosen in hopes to encompass the effect on the acoustic signature, but small
enough to fit the scope of this project. Companies that are currently designing or interested
in designing UAM vehicles were considered [29, 30]. See Tables 2.1 through Tables 2.3.
It is important to note that the following run matrices do not attempt to answer research
question 2 directly. Research question 2 will be answered based on the outcome of this
research. The results should show whether or not the chosen ranges are large enough to
encompass the trends that influence the acoustic signature.
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Table 2.1: Run matrix for the ducted rotor configuration
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Table 2.2: Run matrix for the coaxial rotor configuration
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Table 2.3: Run matrix for the both (ducted coaxial) rotor configuration
These design parameters were chosen because they are commonly found to be influ-
ential of the acoustic signature of rotors from previous models. The ranges and designs
were chosen to be representative of rotors that designers are looking into for UAM vehicles
[29, 3]. This means that these parameters need to be practical and that the range needs to
be big enough to capture the trends in acoustic signature, but small enough that the study
does not become overly computationally taxing. It is important to note that the ranges for
the parameters will be directly linked to the outputs. These were reasonable ranges chosen
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for design variation for this study. Certain parameters are more important for UAM design
considerations and therefore may have larger ranges. The objective of this thesis is to de-
velop an environment in which this analysis can be done easily as parameters and ranges
change.
Along with important design parameters, it is important to distinguish important flight
condition parameters as well. It is desired that design parameters are decoupled from flight
condition parameters, in order to develop a function of only design parameter inputs. Un-
steady effects in various flight conditions lead to studying different noise types in hover
first[31]. Hover does this most efficiently due to reduced flight condition effects on the
acoustic signature, since there is no tendency towards any one noise type. This also allows
for reduced computational expenses as well as better reflects UAM vehicles since hover is
often demanded of them. The potential drawback to looking at hover, is that hover would be
used mid-flight, therefore the highest altitude, meaning the noise source is the farthest away
from humans. It may be more of interest in the future to look at landing and take off flight
conditions as they would place the noise most nearest to people to disturb. For this experi-
ment, it is necessary to keep the flight condition consistent as not to add too many variables.
Research Question: How would the effect of parameters on different noise types be pre-
dicted?
This question addresses how to about the process, which is by running several numeri-
cal studies to identify trends to build a semi-empirical relationship. First the configuration
is defined, and then cases are run to identify the influential parameters and their sensitivi-
ties. Then the correction function would be built to fill the literature gap. Figure 2.1 shows
a flow chart of how this research will be addressed step by step.
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Figure 2.1: Overall flowchart for this thesis
Research Question: How would the interaction of architectural configurations and noise be
predicted?
Rotorcraft configurations can influence various performance parameters as well as the
acoustic signature of the vehicle. Since all of the parameters are so heavily connected, it is
important to look at all the various ways parameters can be varied. This study looks at the
variation of RPM, geometry of the vehicle, and configuration thrust.
RPM is heavily linked to frequency through BPF as previously mentioned. Frequency
can easily affect the way people perceive how loud a noise can be. Looking at the equal
loudness chart below (Figure 2.2), one can see how lower frequencies are heard as louder
than higher frequencies at the same amplitude. It is important that RPM is matched through-
out comparable configurations so the human response is similar.
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Figure 2.2: Equal loudness curves [32]
The geometry is what creates the design and can highly influence the acoustic signature.
In order to properly and easily map the change in design parameters to the change in noise,
the geometry between comparable configurations should be matched.
It is known that some configurations can provide the same thrust with smaller geometry,
such as a ducted rotor can be smaller than an open rotor and still provide the same thrust.
Since some of the configurations provide more thrust with the same geometry and RPM
and geometry would be matched, there must be a mismatch of configuration thrust. This
creates a design exploration within acoustics and rotorcraft design parameters, which is
useful within such a new field of research. The drawback of this choice is that optimal
performance will not be looked at and considered, all variations of performance will be
considered, even though some would never be put into actuality. The intent of this work is
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to create a model of few inputs that could give an estimate of noise of a particular vehicle.
That being said, after the model is created a vehicle of optimal performance can be designed
and inputted into the model to calculate the acoustic signature.
2.1 Designing the Experiment
This thesis aims to develop a process for developing a semi-empirical model, without need-
ing physical testing data. The most accurate data, next to test data would be numerical
modeling. The process seeks to prove that this is an effective and accurate way to develop
a new lower fidelity model for the conceptual design stage.
It is desired to create a methodology in which non-traditional rotorcraft designs can be
quantified and characterized in a parametric environment. The parameterization of this ex-
periment is crucial due to the need to be discussing the vehicles in terms of design variables
for ease of change and flexibility when adjusting designs.
Since noise is generated by a pressure difference, and object disrupting the air, the
design is the primary focus and cause of noise. The parametric conceptualization of rotor
designs is seen in previous research’s semi-empirical models. Looking at current history of
design and its effect on noise, allows for important parameters to be identified. This allows
for the reproduction of run matrices or an expansion on them.
Afterwards a DOE should be selected in order to optimize time and computing ex-
penses. It should be noted that the particular DOE chosen will influence the type of repre-
sentative model in the outcome. For this situation a screening test DOE is used to provide
results at a range of high, medium, and low input parameters.
The flight condition and aerodynamics are important to consider since they are very
impactful to the acoustic signature of the vehicles. In this situation is the system flying
in hover and the design will be the baseline for the experiment. The design will be simu-
lated to be typical flying conditions, which for these vehicles means lower flying, subsonic
conditions. From simulated flying conditions, surface pressures will be extracted and then
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converted to force to know the force acting on all points of the rotor blades.
The design and resulting forces will be converted into acoustic pressure and decibels.
This will be the final results of data which will then be analyzed for trends and representa-
tive model fits. Influential parameters will be identified using bootstrap forest partitioning,
providing an order, as well a percent contribution to the importance. Several model re-
gressions will be attempted to fit the data results. They will be quantified and compared
through several graphs, such as actual data plotted by predicted data, as well parameters
such as R square and standard deviation. The model fits along with the quantified acoustic
parameters are the final objectives of this these which attempt to prove the hypothesises.
The hypothesises will proven by the trends within the results. If there is apparent trends
between noise and the inputs, there is an amount of control over it. The success of these
trends will be determined by particular variables that quantify how strong a trend is, and
how well a mathematical model can fit the data. This ultimately, will show whether or not
a representative model can replace a modeling within the conceptual design stage.
2.2 Noise Metrics
How the results would be compared is an important area of interest. Noise is measured
in decibels, but various different metrics can be applied in order to better represent the
situation under investigation. The Handbook of Aircraft Noise Metrics lists 21 different
noise metrics, which are all calculated very differently [33]. Some metrics are over various
periods of time, some are instantaneous, others can be skewed to give a higher noise rating
for higher or lower frequencies. This can give widely different results based off what metric
is being used. This can make it difficult to determine which noise metric would be optimal
for the case study.
Many noise metrics take into account other factors that can influence human perception
of noise. Psychoacoustics is a big field of study because in many situations it is easier
to mitigate human perception of noise rather than the actual noise. Usually this refers to
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controlling the most annoying part of the noise and in many situations noise can be mapped
to annoyance [34]. This requires human subjects to measure responses, which is out of the
scope of this project. In some metrics, some general pyschoacoustic considerations are
encompassed within the metric. Day Night Level (DNL), is an example of a metric that
has a higher penalty for noise at night due to the increased annoyance at that time of day
[33]. These considerations are generalized and based off of current vehicles. The acoustic
signature of a UAM vehicle has already proven to be very different than current vehicles
[3, 4] and, therefore, these may not hold true.
Acoustic metrics can either be over a period of time or instantaneous [33]. It is unknown
currently how long these vehicles might be in hover and, therefore, noise over time may
skew results. It is also undecided currently at what time of day these vehicles may be
flying. Some metrics take into account time of day into their calculations which is desired
to be avoided. For this research, an instantaneous value is preferred to compare a maximum
sound level rather than comparing noise over time [35].
UAM vehicles overall are still undergoing research in design in various configurations
which each give a very different acoustic signature. Compared to traditional aircraft or
rotorcraft, the acoustic signature of UAM vehicles is vastly different and the same noise
certification cannot be used. The Federal Aviation Administration (FAA) has not given
noise certification to UAM vehicles; therefore, an optimal noise metric has not been chosen
[35].
This area is a research project in and of itself and while this area is still being developed,
a metric still must be chosen for the current project in question.
Noise has many different aspects to it and it is common to discuss noise in multiple
factors at once, such as loudness per frequency band. In order to identify possible trends in
the data, the data must be able to be ranked in a single value. Overall Sound Pressure Level
(OASPL) allows for a single value across any particular time frame, as well as across all
frequency bands. OASPL in dB has been chosen as the noise metric for this project due to
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the encompassing of frequency and volume into one number. Multiple other noise metrics
can be outputted from acoustic solvers for comparison purposes, while OASPL will be used
to determine the parametric sensitivity of noise.
2.3 Experimental Setup
Many codes could have been chosen for this study, but since this is still a new research field,
it is important to chose codes that allow for some flexibility in use. This will provide ability
continue the use of the as the field grows. The areas of the experiment can be divided into
design, CFD, and acoustical analysis.
OpenVSP is an open source code written by NASA that allows for ease in building new
rotorcraft specific geometry with the built in geometry design features. The geometry can
be altered by predefined parametric design variables. This helps to visualize the designs
being tested to ensure it is the desired design. It also has python API capability for ease of
use.
Once there is a rotor system created, the flight environment and java script will be gen-
erated using StarCCM+. CFD is the necessary process in order to properly capture the
flight conditions, the complexity of the configurations, and generating the surface pres-
sures on the blades. This java script becomes the baseline script for the CFD analysis.
The parameters from the run matrices can be identified and varied using a script which
generates the full set of cases. StarCCM+ was chosen due to its capabilities of replicating
the flight conditions desired while also being able to export in a format compatible with
PSU-WOPWOP.
Once the CFD cases are fully executed, surface pressures from the blade can be ex-
ported and the resulting forces can be calculated. This allows for the geometry and loading
to be inputted into PSU-WOPWOP. This particular acoustic solver allows for speed in cal-
culation, while keeping in consideration of configuration and design aspects.
The output of PSU-WOPWOP gives the final form of the data, which is OASPL values
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along with separated thickness and loading noise values. The OASPL values along with
the varied inputs allow for a bootstrap forest partitioning to be done, in order to evaluate
influential parameters. JMP allows for various kinds of statistical analysis. Multiple fits
of models can be extracted onto the data. Looking at influential parameter trends, along
with well fitting models, an optimal model to represent that data can be decided upon. This
model of best fit can be used to substitute this entire process for a quick noise estimate of
a design in the conceptual design stage process. A summary of this step by step process is
in Figure 2.3.
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This section details how this project will be executed including the format the results will
be in, as well as the limits of the design space. The overarching goal of this research is
to develop an approach to model acoustics within the conceptual design stage. Therefore,
certain aspects of accuracy are outside the scope of this project. Results may include a
certain amount of error. If error were to be reduced, trends would still be found through
this methodology.
3.1 Defining the Configuration Space
The configuration space that is defined hopes to encompass the change in acoustic signa-
ture that the design parameters may have. Design parameters were chosen based on past
research on what are large drivers of noise. The respective ranges were chosen to fully
encapsulate the change in noise without being too computationally taxing. The configu-
rations being looked at, as previously discussed, are a ducted rotor, coaxial rotor, and a
ducted coaxial (both) rotor. For each parameter, minimum and maximum range values
were identified based on reviewed literature.
3.2 Running Various Configuration Designs
This section details how the cases that are chosen would be run and processed.
3.2.1 Screening Test
With the many parameters of interest, along with the wide range for these, a rather large
design space has been discussed. This can lead to numerous runs and be extremely compu-
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tationally expensive.
Designs of Experiments (DOEs) are typically used to minimize efforts, while maximiz-
ing information [36]. This particular research is interested in understanding the system,
especially in extreme cases. A DOE that considers the maximum and minimum values
changes would be of most usefulness.
A screening test looks at the spread of the data, between a high, middle and low value
of the specified ranges. This DOE efficiently estimates main and quadratic effects for often
fewer trials than traditional designs. In order to reduce the number of runs within this
research, a screening test has been chosen as a DOE [37].
Continuous factors will be considered within this DOE instead of categorical factors
because the design parameters can vary inside the range. This DOE allows the sensitivity
of the inputs to be analyzed and quantified. Negligible inputs can be negated, and influential
parameters can be ranked [37].
3.2.2 Input into Acoustic Solver
Since numerical models can have several inputs it is important to note the level of fidelity
that is required for this study. The final representative model would be of low fidelity in
order to satisfy the low computational time needs. Collins discusses both a low fidelity and
a higher fidelity process for the creation of scaling functions to map low fidelity results to
a high fidelity domain [23].The configurations that are being analyzed are more advanced
and require higher fidelity to understand the effects that are happening.
It has already been noted that numerical models can take into account geometry, motion
and airloads, as well as CFD. The final representative model would be a function whose
inputs are the parameters that have been previously mentioned. For the study, parameter
dimension limits have been specified previously. Motion and air loads would be required
for this study, but limited information in this area is needed for the representative model.
CFD is the highest fidelity and is the most appropriate for this study, while other inputs can
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be used if CFD is too high in computational time [24, 25]. A lower fidelity study may be
done, only using geometry and motion, without CFD, as shown by Collins previous study
[23]. While this remains a potential option, it may produce less accurate results to some
degree.
3.2.3 Acoustic Solver
An acoustic solver would input the surface pressures from CFD from the geometry as an
impermeable surface. This means that they are on the body of the geometry surface and that
they do not admit a normal velocity component. This form of acoustic surface is best used
when advancing tip Mach number is lower than 0.85 and there are no nonlinear effects.
For hover, it is recommended that pressure and geometry is stored in time intervals of two
to five degrees as the blade rotates [24]. Motion and airload data would be specified in a
separate file. The acoustic solver would propagate the noise using atmospheric absorption
and a standard atmosphere table to the observer distances. The observers (receivers) within
the acoustic solver will be placed in the far field from the source. A grid of observers will
be used due to the directionality of rotorcraft. Many different noise metrics can be out-
putted and analyzed, but the primary output used for the system analysis and representative
equation will be in OASPL (dB).
3.2.4 Post Processing
Since the results will already be in the appropriate noise metric, the post processing will
primarily be done using statistical analysis software. In this step, the noise output will
be related and correlated to the various input parameters. The influential parameters will
be calculated for their ability to predict an outcome using bootstrap forest partitioning to
evaluate the contribution of predictors on the response [38].
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3.3 Identifying Influential Parameters
The conceptual design stage does not require a high fidelity analysis. Therefore, only the
significant parameters are necessary to include in this study. Not every variable will be a
significant driver of noise and some may be negated [36].
Typically the top eighty percent of the total influential parameters are considered sig-
nificant. Sometimes a cross term is listed as significant, which means one or both terms are
significant. Parameters below this eighty percent will be considered negligible [36]. It is
important to note there may be parameters that are significant, but have not been included
in this study due to the scope of the project.
3.4 Analyzing Trends
After identifying influential parameters, the negligible parameters will be ruled out. This
allows investigation into the significant influencers of noise. Parameters may increase or
decrease the noise in particular areas. For example, Blandeau discusses the inversely pro-
portional change in tonal and broadband noise regarding the change in vertical separation
[22]. The overall effect of increases or decreases in total noise will be looked at. The per-
cent contribution of each significant parameter will be considered in order to quantify the
amount of influence.
3.5 Representative Model
Once negligible parameters are ruled out, and trends are analyzed of significant parameters,
a potential representative model will be generated based on how the results look. There
are many different types of models that may fit the data appropriately [39]. This cannot




INPUT INTO ACOUSTIC SOLVER
4.1 Geometry
The geometry was generated using OpenVSP and the parameters that have been discussed
previously. This was generated using a python API that connects with OpenVSP [40].
Python allows the generation of the geometry to be automated parametrically.
OpenVSP has many baseline vehicles or aspects of vehicles that can be highly altered.
This project utilized the baseline propeller, duct, and disc geometry and adjusted the model
until all features corresponded with the run matrices. A python script was written that takes
the parameters from the run matrices and the DOE and varies them accordingly to build a
full set of geometries for each case. Geometries were imported to Star CCM+ as an .igs
file in order to separate components of the geometry within CFD, such as rotating parts
and non-rotating parts.Figures 4.1 through 4.3 show example geometries of each of the
configurations.
These rotors are assumed to be rigid for simplification purposes. For the coaxial cases
and the both cases, the rotors are not connected. In actual application these rotors would be
placed on the same shaft. This geometry was assumed for modeling purposes. The center
body is modeled as a disc that connects the rotors. The center body is adjusted for the worst
case scenario (largest twist, thickness, and chord sizes), and then scaled for the other cases.
In some cases, it should be noted that the center bodies are rather large and unrealistic. This
may effect noise, but since it was scaled appropriately, the trend should be the same across
all cases.
Tip clearance has been shown to be a notable parameter when it comes to noise and
design [41]. In order to keep the number of parameters of interest low, tip clearance was not
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included; it should be noted that for all ducted geometries, a tip clearance of approximately
0.5% of the rotor radius was used.
Figure 4.1: Coaxial case 1 geometry
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Figure 4.2: Ducted case 1 geometry
Figure 4.3: Both case 1 geometry
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4.2 CFD
All CFD work was done using the commercial CFD package Star-CCM+. In order to
obtain an accurate acoustic signature of these complex configurations, an accurate flow
field must be obtained. Unfortunately, this project did not have the scope for complete
accuracy, but the completeness of the flow field is important to the results that would be
yielded. This means that there is a threshold for the amount of detail that is required for
the investigated vehicles as well as a threshold for the scope of the computational expenses
of the project. Due to processing and memory power available, there were computational
limitations towards mesh size and run time per case.
This work is focused on a methodology and, therefore, an in depth analysis on the
aerodynamics of each configuration is not looked at. A sensitivity study for the mesh was
not done.
Since there was such a large number of cases needed to be run along with a large
computational necessity, the batches of cases were created parametrically to automate the
process as much as possible. A script was written to generate the Star-CCM+ files for each
set of cases with parameters of interest being varied as needed. Star-CCM+ has a built in
java macro capability; therefore, one simulation was created with a java macro that was
then varied for the other runs parametrically. The java macro was altered using a Matlab
script for each of the significant parameters. This capability pulls in the geometry, sets up
regions and domains, meshes the system and applies physics and flow conditions without
need for user input.
4.2.1 Domains
This research utilized rotating body domains in order to isolate rotation on the rotor (not
include the duct). Cylinders were created for each rotor depending on the case. For the
coaxial case and the both case, two cylinders were used, while in the ducted case only one
45
cylinder was used. The motion specification was defined based off of the RPM desired
for each case individually. This method is found in Cornelius’s paper and the Star-CCM+
user guide [42] [43] [44]. A rectangular box was used to encompass the whole system
to represent a free stream region. Walls of the box were used to define the inlet, outlet,
and symmetric wall. The box was adjusted based on the size of the rotor and duct, where
relevant, along with computational limitation. An internal interface was used to join the
regions of the cylinders and the box since they have the same medium. This is displayed in
Figures 4.4 through 4.6.
Figure 4.4: Coaxial case 1 domains
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Figure 4.5: Ducted case 1 domains
Figure 4.6: Both case 1 domains
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4.2.2 Mesh
Star-CCM+ has options that allow for either structured or unstructured meshing. For this
research, an unstructured mesh was utilized so that a finer grid could be more defined in
more significant areas, while saving computational time in less important areas, such as
farther away from the system.
When using CFD for aeroacoustic applications, a trimmed mesh is generally suggested
because it provides the least amount of dissipation for flow disruptions. This comes at the
cost of lower accuracy, due to the 1:2 mesh size transitions which may produce internal
wave reflections. Polyhedral meshes are more accurate and provide smoother mesh size
transitions at the cost of being more dissipating[45]. A polyhedral mesh was used for the
system because it was more accurate and gave a denser mesh than a trimmed mesh. This
was preferred for the more complex three-dimensional geometry that is being analyzed.
The mesh varies for each case. A mesh sensitivity study was not done for this research.
A suitable mesh was found for a single run within a batch of cases and based on the base
size and other parameters with respect to geometry size, it was scaled appropriately for
other runs based off rotor radius and the gap between rotor and the duct. The convergence
criteria was determined through a decrease in the magnitude of the residuals to about 10−3.
Two surface wrappers were used to refine the tessellation of the geometry, which helps to
fill any potential holes in the surface. Figures 4.7 through 4.9 show exemplary meshes for
the three batches of cases used.
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Figure 4.7: Coaxial case 1 exemplary mesh
Figure 4.8: Ducted case 1 exemplary mesh
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Figure 4.9: Both case 1 exemplary mesh
4.2.3 Physics and Flow Conditions
CFD can be used to capture various types of flow. Particular settings and physics models
are needed in order to properly capture the acoustics within this system. Modeling of
unsteady and turbulent flow is needed in order to account for any uncertainty within the
flow. Turbulent flow is necessary for the broadband component. The flight conditions are
taken from the literature review and stated in Table 4.2 [1].
Unsteady Reynolds-averaged Navier-Stokes is not recommended for aeroacoustic ap-
plication because it cannot fully capture the turbulent qualities of the flow, which is im-
portant for broadband noise [46]. Large-Eddy Simulation (LES) is more computationally
expensive than Detached Eddy Simulation (DES) in cases where boundary layers are re-
solved. For wall bounded, high Reynolds number flow, it is recommended to use DES [45].
DES is a hybrid approach using aspects of both LES and RANS solvers where boundary
layers and irrotational flow regions use a base RANS model, while the turbulent aspects use
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a LES model where the mesh is fine enough [47]. DES was chosen for the physics condition
for this research as it was shown to fully encompass the flow needed to calculate the full
spectrum of noise. Within the DES model the Spalart-Allmaras was further specified. This
was to due to importance of the magnitudes of the relevant quantities (acoustic pressure,
density, and velocity fluctuation) which can be very small in comparison to hydrodynamic
quantities. Within aeroacoustics the magnitude of acoustic pressure fluctuations are often
on the order of .01 of a Pascal [47].
Time step had to be adjusted based on the convergence of the mesh for some of the more
condensed geometry configurations. The smaller the time step, the longer the simulations
take to run. This was attempted to be minimally changed as to keep consistency across all
runs and to maximize run time efficiency.
The number of iterations chosen for this research was based off of the residuals de-
creasing enough and computational limitations. The residuals for all cases were accepted
if shown to have convergence.
Table 4.1: Atmospheric conditions for CFD
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PSU-WOPWOP allows use of the Ffwocs William Hawking equation in its most convenient
form. This form of acoustic solver gives the most accurate results with as minimum time
constraints to fit the scope of the experiment. An acoustic solver such as CAA would be
too computationally expensive, but give the most accurate results. Other acoustic solvers
such as the ones built in CFD like Star-CCM, or Ansys Fluent would not give the level of
fidelity that is desired. Semi-empirical acoustic model allow for too many uncertainties to
provide the confidence necessary to deliver accurate results.
There are some limitations to using PSU-WOPWOP. It is important to note that noise
scattering results are not part of PSU-WOPWOP capabilities. This may impact the results
of the duct case, especially. Broadband noise was not included in this experiment, even
though PSU-WOPWOP has this ability and also may impact the results.
5.1 Inputs into PSU-WOPWOP
PSU-WOPWOP uses as many inputs as it is given which includes geometry, loading, and
broadband. A namelist file denotes the number of rotors and blades, location of files,
observers, and the desired outputs.
For this particular situation, it is desired to model thickness and loading noise. Since
the regime of interest is subsonic flow, noise phenomena in the supersonic regime will be
ignored.
Geometry files are generated within a Matlab script where an airfoil is denoted by the
various parameters within the run matrices (Figures 2.1 to 2.3) along the defined span
locations. Using the equation for a symmetrical four digit NACA airfoil and using the
airfoil thickness, Cartesian coordinates are generated. The coordinates are then scaled
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at each span location based on the chord and taper ratio, rotated by the twist, and then
converted into a matrix. The final geometry file is a tuple representing a single rotor blade.
PSU-WOPWOP requires a geometry file for each blade in the rotor. Since each blade
has the same design in the rotor, only one geometry file is needed to define each of the
blades. Within the namelist file, the number of rotors and number of blades is denoted in
reference to the geometry file and repeated as needed.
The loading files for PSU-WOPWOP require the forces on the blades. Star-CCM+
exports pressure and area which are converted to forces. A Matlab script is then used to
create the loading file. Design parameters (such as geometry and rotational speed) are fed
into the code in order to distribute the forces across revolution of the blade spinning around.
This gives the loading its periodic nature.
A single point receiver will be placed at around fifteen degrees clockwise to the plane
of the rotor. This is done to include both thickness and loading noise. If the observer was
placed directly underneath the rotor, there may be no thickness noise present due to the
directivity of thickness noise. Figure 5.1 shows a representation of the observer location.
This was chosen to match some of Schatzman’s observer locations [1].
Figure 5.1: Observer location in PSU-WOPWOP
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Surface pressures from Star CCM+ were exported in a tecplot format where a python
and Matlab script was used to reformat the data into a readable format for PSU-WOPWOP.
5.2 Outputs of PSU-WOPWOP
PSU-WOPWOP can output several files, but for this study, the most concerning are the
OASPL values, acoustic pressure, and the frequency spectrum. There is an OASPL for
thickness noise, loading noise, and total noise. Other outputs can be specified within the
namelist file depending on the noise metrics that are desired for the study.
The benefit of using PSU-WOPWOP and its use of Ffowcs Williams Hawkings equa-






The CFD from this study provides the surface pressures on the blade, as well as providing
insight on Mach number. Fluid flow over time was not investigated during this study due
to computational time and expenses. Also since the flight condition remains at hover, it is
assumed that the CFD will reach a point of consistency. Within the screening test DOE,
there is a single case where all the parameters match across configurations. The following
cases show all the parameters referenced in 2.1 through 2.3 at their midpoint.
Blade tip Mach number allows us to confirm the speed of the blade with the speed
intended from the run matrices. Figures 6.2 through 6.4 show the blade tip Mach number
contour for the cases that match across all configurations. The Mach number is shown to
be highest across all cases at the blade tip which matches the run matrices and supports
the integrity of the experiment. Vortices disperse outward away from the blade following
the trailing edge. Within the both case (Figure 6.4) the vortex is much more contained
compared to the other configurations. This could be due to the containment of the duct
on the configuration or due to the low fidelity of the CFD being unable to capture the
dispersion.
Since Schatzman’s work investigated a coaxial rotor system, the flight conditions were
chosen to match that of her work (See Table 4.2). It is expected to see results within similar
magnitude to her work. It should be noted Schatzman experiment is completed in 2D with
a fully converging mesh, and using different software programs resulting in differences in
outputs.
Figure 6.2 shows similar magnitude at the leading and trailing edges, of Schatzman’s
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Figure 6.1: Mach contour of a 2D
coaxial rotor [1]
Figure 6.2: Blade tip Mach number
contour for coaxial case 1
Figure 6.3: Blade tip Mach number
contour for duct case 1
Figure 6.4: Blade tip Mach number
contour for both case 1
work, seen in Figure 6.1. This helps to verify the results for the CFD process used[1].
Even though the configurations between Schatzman and this work are the same, the design
parameters vary such as vertical separation. Her work does not use any blade twist and
looks at the crossing of two blades, two dimensionally and mirrors it. Figure 6.2 shows a
five bladed rotor with a blade twist of seven and a half in three dimensions.
The shape of the contour varies a good amount from Schatzman’s, this is probably due
to the fact there is not as much refinement in this study’s cases, as well as the vertical
separation is much larger. Schatzman did a more in depth investigation into coaxial rotors,
while this experiment focuses on the parametric study of inputs. Therefore validation of
the CFD cases are not the primary focus.
The most important data that is coming from the CFD is the surface pressures on the
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blades. This pressure is the static gauge pressure and is in reference to the atmospheric
pressure.
Figure 6.5: Pressure con-
tour isometric view of coax-
ial case 1
Figure 6.6: Pressure contour
side view of coaxial case 1
Figure 6.7: Pressure contour
top view of coaxial case 1
Figure 6.8: Pressure contour
isometric view of duct case 1
Figure 6.9: Pressure contour
side view of duct case 1
Figure 6.10: Pressure con-
tour top view of duct case 1
Figure 6.11: Pressure con-
tour isometric view of both
case 1
Figure 6.12: Pressure con-
tour side view of both case 1
Figure 6.13: Pressure con-
tour top view of both case 1
6.2 PSU-WOPWOP Results
The primary results of PSU-WOPWOP important for this study are the observer file, which
contains the OASPL values, and the frequency spectrum. The OASPL values are the single
point measurement for how loud the vehicle is overall. The numbers are fed into JMP to
help build the representative noise model. Looking at these values across the run matrices
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may not necessarily show obvious trends because the screening test displays a spread of
the data over various parameters. Therefore, there may be too many parameters changing
at once to be able to see a clear trend across the run matrices with the OASPL values.
It is important to note that due to the DOE, each case has varying parameters that may
not easily match throughout configurations. Comparisons can only be made when there are
limited independent factors, otherwise results would be convulted with so many varying
parameters. Majority of the comparisons can only be made within a single configuration.
There is one case across all three configurations in which all the variables are the same.
Within this case seen in Table 6.1, is where conclusions across configurations are drawn.
It is recommended that more cases are done with matching parameters to confirm these
results. The coaxial case and both case are within 0.02 of a decibel of each other, while the
ducted case is noticeably lower. It can be said that the addition of a duct does not counteract
or impact the noise from the additional rotors.
Table 6.1: OASPL for matching cases across all configurations
The results below come with some limitations and understandings. Rotor noise is very
directional in nature as shown in the literature review. The location of the observer angle is
important to keep in mind. Results may vary largely with a different observer angle. As the
observer angle moves closer to directly under the rotor, thickness noise would be lessened.
The other dependency that impacts the results are the ranges chosen for each parameter.
The outputs given are directly linked to how much each parameter was allowed to vary.
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With different ranges, the significant parameter orders may be very different.
6.2.1 Frequency
The frequency of noise determines a large part of the community annoyance or acceptance
of the noise, along with other factors which would be better analyzed by a pyschoacoustic
study. This gives insight into the human perception of these vehicles.
Frequency spectrum was compared across cases in which the geometry matched as well
as with a case that matched speed (in order to match RPM and BPF), but varied in some
geometry. The left hand side of the figures below (Figures 6.14, 6.16, 6.18) match across
geometry and CFD conditions for a configuration comparison and the right side figures
(Figures 6.15, 6.17, 6.19) are the corresponding configuration and CFD condition, with
different design parameters.
PSU-WOPWOP breaks out the noise in three parts: thickness, loading, and total noise.
This helps to locate design parameters that may be causing the noise directly. In all the
cases, thickness overlaps almost completely with total noise, which seemingly dominates
even in the ducted cases. This observation that thickness noise dominates, primarily in
the coaxial cases, matches Schatzman’s work in her paper, which continues to validate the
study. The frequency shape across case one is consistent across all configurations. The
noise level is lowest for the duct configuration which is reasonable when looking at the
physics of the system. Since thickness noise is the largest source of noise, it is sensible
that the configuration with the least amount of rotor blades would be the quietest. Along
with considering the blockage the duct does to reduce noise. The peak frequency within
case one happens around 38Hz, which is in the human range of hearing. Looking at the
first cases against the comparison cases there is a high spike compared to a smaller wider
incline. This could change the human response of the system significantly.
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Figure 6.14: Frequency spectrum
for coaxial case 1
Figure 6.15: Frequency spectrum
for coaxial case 6
Figure 6.16: Frequency spectrum
for duct case 1
Figure 6.17: Frequency spectrum
for duct case 8
Figure 6.18: Frequency spectrum
for both case 1
Figure 6.19: Frequency spectrum
for both case 9
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6.3 Data Analysis and Model Generation
The following sections details influential parameters, analyzing trends, and several different
model fits to the data. The data did show one outlier when generating the model fits and
therefore that outlier was excluded and model fits were rerun for improvement. An outlier
can happen if the level of fidelity of the CFD was not refined enough. The outlier was
consistent across all three cases. Overall, the majority of the data aligns with several trends
and the experiment is acceptable.
6.3.1 Influential Parameters
The varying inputs and the resulting outputs were inputted into JMP bootstrap forest parti-
tioning predictor screening test. This allows for quantifying how influential parameters are
to the results. The top 80 percent of contributors are considered significant, but this does
not determine if these parameters are negatively or positively significant.
The coaxial configuration influential parameters show the design parameters being
much more significant compared to the configuration parameter of vertical separation. Ver-
tical separation borders the line of top 80 percent of significant parameters. This is seen in
Figure 6.20.
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Figure 6.20: Influential parameters by percentage for coaxial cases
Figure 6.21 show the influential parameters from the duct configuration. The vehicle
design parameters, such as blade tip Mach number and rotor radius remain the most signifi-
cant, while the configuration parameters are near the bottom. The cut off for the significant
influential parameters is right after airfoil thickness. This means that the configuration pa-
rameters are considered insignificant to noise along with number of blades and taper ratio.
Figure 6.21: Influential parameters by percentage for ducted cases
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The both configuration influential parameters, seen in Figure 6.22 show the configura-
tion specific parameters as less significant compared to the general vehicle design param-
eters. The airfoil specific parameters are more dispersed in their influential value. Duct
thickness borders the line of the top 80 percent of significant parameters while the other
configuration parameters are considered insignificant to noise. Airfoil thickness and blade
twist are just a few of the design parameters that are also considered insignificant to the
results.
Figure 6.22: Influential parameters by percentage for both cases
6.3.2 Identifying Trends
Identifying trends can be done within each configuration and also across all three. Since the
parameters change across each configuration, there are limited ways in which comparisons
can be made. By listing the most influential parameters across the board, trends can be seen
and analyzed.
64
Figure 6.23: Influential parameters across configurations
Looking at the influential parameters across all three configurations, it is shown that
blade tip Mach number remains the most influential parameters, which is logical consid-
ering the physical relationship between speed and volume. This validates the experiment,
by confirming the relationship. Rotor radius and chord length become the next influential
parameters across all three cases, which defines how large the vehicle and the blades are,
making them unsurprisingly top influential parameters. The fact that the top three parame-
ters are the same across all configurations, make it reasonable that there is a potential for a
high correlation between configurations.
By the fourth parameter, there starts to be some differences between the configurations,
but still the design parameters remain more influential than the more specific configuration
parameters. This means that the configuration of the vehicle may not be as important as the
rotor design itself.
6.3.3 Representative Model
Multiple types of regression are attempted to fit the data. This is to look at what may be the
best fitting model. Neural networks (with multiple layers), fit of least squares, and stepwise
regression models are all attempted and discussed here.
There are many representative models that can be employed, but it is important to com-
pare the quality of these models. The fit of these models can be quantified in multiple
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ways; for overall fit the R squared value will be of primary interest. An R squared of one
represents a perfect positive correlation between the data and the model. These models are
all created using JMP and are summarized in Figure 6.24.
There are are several graphs displayed for each model that is used to help characterize
the fit of the model to the data. An actual by predicted plot displays the actual data points
against the line from the model. It is desired for a good spread of the data across the model
line, while staying as close to the line as possible. Clumping within these graphs can show
that a particular variable is driving the response. A ”bad” fitting model would have data
points scattered too far away from the model fit line. While the residual by predicted plots
show the error in the fitted model. If a model has a ”good fit” the residual vs predicted plot
is scattered and random centered about zero to show that neglected higher order terms and
effects are negligible.
Each model includes a model profiler which displays the impact of each parameter on
the model. The profilers are different than Figures 6.20 to 6.21 because the profiler shows
how influential the particular parameters that are used in the models are to the model itself.
These give more detail by showing at what point the parameters have a negative impact to
the output. The model may not include certain parameters if it allows for a better fit of the
data. Figures 6.20 to 6.22 include the influence of all the parameters to the results, but not
whether or not that impact is negative or positive.
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Figure 6.24: Summary of representative models
6.3.3 Neural Net Model
Neural net models, allow for layering when it comes to number of terms allowed into the
models. The model divides up the data that is given into training and validation data. This
can be tricky to compare because the validation data and numbers can be more important
than the training data. The validation data is best thought of as a standard error to the
training data; regardless of how well the training data fits, if the validation does not fit well
than the entirety of the model does not fit well.
Neural networks can be generated with several different layer and function combina-
tions. JMP provides several options of variations such as TanH layer, linear layer, holdback
proportion, and number of tours. These all effect the model and fit the data in different
ways. These model fits were done using three TanH layers, no linear layers, a holdback
proportion of 25 percent, and three tours. Other layer variations were attempted. What is
displayed is the best result.
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6.3.3.1.1 Coaxial Cases Figure 6.25 displays a neural net model with three terms for
the coaxial configuration cases. Overall the R squared value for the training data is pretty
low at a .65, while the validation data is better at .9, but having a R squared value of one
would be preferred. The actual by predicted plots show an even spread of data throughout
for training points. There are not as many validation points to compare to, but seemingly
distributed well. Residuals for this model look distributed fairly well, but with some gaps.
There does not seem to be any large outliers within any of the plots within this section and,
therefore, none of the data needs to be excluded at this point.
The profiler location near the bottom of the figure displays the sensitivity of the param-
eters to the results. The vertical separation shows an increase in OSAPL the farther the
rotors are, but the influence is only minor. Rotor radius actually shows a more steady trend
where the smaller the radius the louder the noise, while the larger the radius the quieter
the noise. With blade tip mach number being the most influential parameter it makes sense
that it displays one of the largest changes in the results. This relationship again confirms
Figure 6.20 and the relationship between speed and volume. Number of blades shows an
inverse relationship where the more blades there are, the quieter the vehicle is. This can
be confusing to consider, since it would be presumed to have more interference noise the
more blades. This may be due to the CFD not fully capturing interference noise. OSAPL
shows a dependent relationship on chord size and blade twist. Finally, taper ratio and airfoil
thickness do not seem to impact noise greatly in this configuration.
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Figure 6.25: Neural net model for coaxial cases
6.3.3.1.2 Ducted Cases A neural net model with three terms for the duct configuration
case is located in Figure 6.26. This model shows a much higher R squared value at .997,
but a validation value of .79. The validation data is ultimately more important than the
training data and therefore the model is not as accurate as is desired. There seems to be
some clumping throughout the actual by predicted plot, which means there there are certain
parameters that are driving the model development. The validation residual plot shows a
clear line of the validation points and shows a pattern. The pattern and clumping of the
various plots show that this model may not be the best.
The configuration parameters for the duct cases have a very little influence on the results
within this neural network which align with the influential configuration parameters seen in
Figure 6.21. Rotor radius shows a significant drop in noise around nine feet and continues
lessening noise as rotor radius grows. This could be due to having more space for fluid flow,
therefore less pressure fluctuations. Blade tip mach number and chord displays a negative
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parabolic relationship to noise. These may be the driving parameters seen in the patterns
in the previous graphs. Number of blades and airfoil thickness show a similar shape in
response with a slight curve downward. Parameters that show very little response to noise
are blade twist and taper ratio.
Figure 6.26: Neural net model for ducted cases
6.3.3.1.3 Both Cases Duct thickness, duct width, and vertical separation all remain to
have very little impact on the results. Rotor radius and number of blades show to have an
inverse relationship with noise within this model. It shows that the larger the rotor radius
would allow for easier fluid flow and less noise. The greater the number of blades on a
rotor results in less noise within this model.
Blade tip Mach number and chord have a large impact on the results, with a direct
correlation between speed and noise. Airfoil thickness, blade twist, and taper ratio all
have a direct correlation to noise in a less significant way than the previous mentioned
parameters.
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Figure 6.27: Neural net model for both cases
6.3.3 Least Squares Fit Model
Least square regression model is a second order response surface equation where the sum
of square of the errors are minimized.
For this particular model type, the actual by predicted plots have a pink area shading
which represents the 95 percent confidence intervals. A good fitting model would have
these areas be relatively very small and close to the fit line.
The P value for each parameter shows the significance that parameter has to the model.
If the value happens to be small, it shows that the parameter fits well inside of confidence
intervals. This is another way to show an influential parameter’s significance to the model.
6.3.3.2.1 Coaxial Cases The actual by predicted shows a wide display of standard de-
viation and data, showing that the model does not fit very well. There does not seem to be
any outliers in the residual by predicted plot. The least squares fit model for the coaxial
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cases shows an R squared value of .87, which is decent.
The parameter estimates are used to plot the prediction profiler, with the exact numbers
and displays high values for standard deviation. The profiler for this model shows little
impact to the results for vertical separation which matches 6.20. Blade tip mach number
and chord, again, show a large impact and a direct relation to noise, with larger numbers
resulting in more noise. While number of blades and rotor radius show an inverse relation-
ship to noise. The other design parameters that relate to the smaller characteristics of the
blade show little influence on the results in this model.
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Figure 6.28: Least squares fit model for coaxial cases
6.3.3.2.2 Ducted Cases The least squares fit for ducted cases show a better stand devia-
tion compared to the coaxial cases, but still there is a good amount of clumping. This show
that one parameter is driving the model. There seems to be no clear patterns or outliers
within the residual by predicted plot which shows a good fit for the model. The R squared
value is much better than the coaxial cases at .94, seen in Figure 6.29.
This profiler displays much smaller standard deviation lines for each parameter com-
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pared to the least squares fit model profiler for coaxial cases, that can be seen in the parame-
ter estimates. This shows that this model is more accurate in comparison. The configuration
parameters still show to have very little impact on the results. While blade tip Mach num-
ber and chord remain to be large drivers of noise with direct relationships. Rotor radius
is also contributing to the results with an indirect relationship. Number of blades, airfoil
thickness, blade twist and taper ratio do not appear to have a large influence on the results
in this particular model.
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Figure 6.29: Least squares fit model for ducted cases
6.3.3.2.3 Both Cases Seen in Figure 6.30, the actual by predicted plot show a rather
large standard deviation as well as a good amount of clumping of the data points. This
shows that this fit is not very good with this data set. Within the effect summary, the P
value for each of the parameters is smaller for the more influential parameters and larger
for the less influential parameters.
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There does not appear to be any outliers in the residual by predicted plot, but there is
a good amount of clumping, showing that the model is being driven by certain parameters
and not equally spread. There is a decent R squared value at .93.
The profiler for the both case configuration shows a standard deviation comparable to
the the coaxial cases for the least squares fit model. The parameters within this model that
show the largest impact are blade tip Mach number, rotor radius, number of blades, and
and chord. Blade tip Mach number and chord display a direct relationship to the results
allowing for more noise with greater speed or larger blades. Rotor radius and number of
blades show an inverse relationship to noise, increasing with a smaller radius and fewer
blades. The smaller design parameters such as airfoil thickness, blade twist, and taper ratio
display very little impact on the results. These results remain consistent with the influential
parameters in 6.22.
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Figure 6.30: Least squares fit model for both cases
6.3.3 Stepwise Regression Model
The stepwise regression model uses an iterative process, creating a sequence of regression
models by adding or removing variables. This means that not every parameter may be
deemed as significant to the best fitting model.
Similar to the least squares fit model, the actual by predicted plot will have standard
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deviation denoted in pink around the red model line. There will also be an effect summary
displaying the P value for each of the parameters. When the P value is below a threshold
(defined by a confidence interval), the parameter is significant to the model.
6.3.3.3.1 Coaxial Cases There is little standard deviation within the actual by predicted
plot for the stepwise regression model for coaxial cases. This shows a good fit of the model
to the data. The residuals by predicted plot show a good random scatter of the data. An
R-squared value of one is the final indicator that the model is a perfect fit to the data. See
Figure 6.31.
The parameter estimates and the profiler display very little standard deviation for the
model, which proves positive for the experiment. Vertical separation still shows very little
impact within the model, while rotor radius and number of blades both show a high impact
and an inverse relationship. Parameters that have a positive relationship and a high impact
in the model are blade tip Mach number and chord length. The remaining parameters are
not major drivers of the results.
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Figure 6.31: Stepwise regression model for coaxial cases
6.3.3.3.2 Ducted Cases The actual data plotted against the predicted results from the
model show a good fit with little to no standard deviation. There is a pattern to the residuals,
so this model may be driven by a single parameter, but the magnitude of the residuals are
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rather small. The R-squared value for this model is a perfect correlation.
The configuration parameters were included in the model and still had little impact
on the results. Blade tip Mach number was still a large driver of noise, with a direct re-
lationship. Chord and blade twist also displayed a direct correlation to noise, with less
contribution compared to blade tip Mach number. Rotor radius was the major driver of
noise and had an inverse relationship, while other parameters did not show to have a large
impact on the results the model still deemed them significant to the model generation. This
is displayed in Figure 6.32.
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Figure 6.32: Stepwise regression model for ducted cases
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6.3.3.3.3 Both Cases Shown in Figure 6.33, the actual by predicted plot shows very
little standard deviation showing a good model fit. Within the residual by predicted plot
there is a good scattering of the data. The R-squared value is the best it can be with a
positive correlation of one.
Standard deviation on the profiler for the stepwise regression model for both cases
remain small, showing the model is precise. The configuration parameters do not show a
large impact on the results. Rotor radius displays a large impact on noise with an inverse
relationship, while blade tip Mach number and chord length have a direct relationship.
Airfoil thickness, number of blades, blade twist, and taper ratio show little impact on the
results.
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Figure 6.33: Stepwise regression model for both cases
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6.3.3 Best Fit Representative Models
The models seem to fit the data exceptionally well across all fit types with an R-squared
value of .8 or higher. There does not seem to be any large outliers across any of the models.
Influential parameters within the profilers for all the models show consistent impact to
noise. This shows the consistency and the validity in the data.
For each of the configurations, the best fitting model is the stepwise regression model
with an R-squared value of one. This means that the stepwise regression model is a perfect
fit to the data and can accurately represent the configurations individually.
With the influential parameters within the profilers being very similar across each con-
figurations, the equations show that they would be similar. This alludes to a model being
able to represent the data across all three configurations.
84
OSAPL = 46.56 + 5.08 ∗ V erticalSeparation
− 1.44 ∗RotorRadius
+ 102.75 ∗BladeT ipMachNumber
− 4.96 ∗NumberofBlades
+ 16.47 ∗ Chord
+−61.78 ∗ AirfoilThickness
+ 1.09 ∗BladeTwist
+ 14.47 ∗ TaperRatio
+ (V erticalSeparation− 0.375) ∗ (Chord− 0.625) ∗ 18.25
+ (BladeT ipMachNumber − 0.55) ∗ (NumberofBlades− 3.5625) ∗ 46.11
+ (NumberofBlades− 3.56) ∗ (Chord− 0.625) ∗ 1.91s
+ (NumberofBlades− 3.5625) ∗ (TaperRatio− 0.7) ∗ 0.26
+ (Chord− 0.625) ∗ (BladeTwist− 7.5) ∗ −3.36
+ (BladeTwist− 7.5) ∗ (TaperRatio− 0.7) ∗ −4.26
(6.1)
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OASPL = 45.37− 31.47 ∗DuctThickness
+ 0.29 ∗DuctWidth
− 1.3032 ∗RotorRadius
+ 72.94 ∗BladeT ipMachNumber
− 1.06 ∗NumberofBlades
+ 17.497 ∗ Chord
− 0.067 ∗ AirfoilThickness
+ 1.22 ∗BladeTwist
+ 7.24 ∗ TaperRatio
+ (DuctWidth− 12.5) ∗ (BladeT ipMachNumber − 0.55) ∗ 34.24
+ (DuctWidth− 12.5) ∗ (Chord− 0.625) ∗ −33.86
+ (DuctWidth− 12.5) ∗ (TaperRatio− 0.7) ∗ −0.5032
+ (RotorRadius− 9) ∗ (BladeT ipMachNumber − 0.55) ∗ −15.427
+ (RotorRadius− 9) ∗ (BladeTwist− 7.5) ∗ 2.220
+ (RotorRadius− 9) ∗ (TaperRatio− 0.7) ∗ 0.799
+ (NumberofBlades− 3.55) ∗ (Chord− 0.625) ∗ 0.31
+ (NumberofBlades− 3.55) ∗ (TaperRatio− 0.7) ∗ −50.63
+ (AirfoilThickness− 0.125) ∗ (TaperRatio− 0.7) ∗ 3003.95
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OASPL = 58.1 +−53.69 ∗DuctWidth
+−0.11 ∗DuctThickness
+ 7.46 ∗ V erticalSeparation
+−1.42 ∗RotorRadius
+ 91.46 ∗BladeT ipMachNumber
+−5.46 ∗NumberofBlades
+ 20.93 ∗ Chord
+−31.11 ∗ AirfoilThickness
+ 0.93 ∗BladeTwist
+ 11.59 ∗ TaperRatio
+ (DuctWidth− 0.125) ∗ (V erticalSeparation− 0.375) ∗ −255.16
+ (DuctWidth− 0.125) ∗ (Chord− 0.625) ∗ 190.39
+ (DuctWidth− 0.125) ∗ (AirfoilThickness− 0.125) ∗ 1777.55
+ (RotorRadius− 9) ∗ (AirfoilThickness− 0.125) ∗ 0.57
+ (BladeT ipMachNumber − 0.55) ∗ (Chord− 0.625) ∗ −117.95
+ (BladeT ipMachNumber − 0.55) ∗ (TaperRatio− 0.7) ∗ 120.63
+ (NumberofBlades− 3.55) ∗ (Chord− 0.625) ∗ 5.47




While the design space of the types of vehicles has opened up, so has a literature gap of
further information about them. This thesis researched the current and future state of urban
air mobility in terms of acoustics in hopes to fulfill this gap. Reviewing the previously
stated research questions displays the found results.
How is the configuration space for rotor noise analysis quantified? This question led
to looking how to bound the run matrices for this experiment, which was done based on
previous research, as well as the interests of the current UAM designers in the industry.
When it comes to quantifying the outputs of these designs and configuration, in a way
where it is consistent across the space, a noise metric was used to quantify the space into
one specific number. OSAPL was used to capture the noise, as it has very little weighting in
one direction or another on the spectrum or in terms of time of day or duration. Primarily,
rotor noise was quantified by the influential parameters using JMP’s bootstrap foresting
partitioning. The portion displays the percent of significance to the overall output and
therefore the quantification. This could be negative or positive influence it is not specified
here. Within the prediction profiler for each of the representative models the significance
is displayed further. This shows how influential each parameter is to the model and in what
direction they are influential. The graph can display several kinds of significance, such as
parabolic, linear, etc.
What are the most important parameters to consider when designing according to ro-
tor noise? The run matrices were divided by the configuration parameters and the rotor
specific design parameters. The OASPL outputs were put through the bootstrap foresting
partitioning showing the important parameters to the systems. They displayed the rotor
specific design parameters being much more influential in comparison to the configuration
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parameters. The most significant driver of noise across all three configurations was shown
to be blade tip Mach number, which confirms the physics of the systems, that speed drives
noise. Chord length and rotor radius also show to be large drivers of noise across all three
configurations. After the third parameters the parameters start to vary in influence across
the systems.
How would the effect of parameters on different noise types be predicted? It was desired
to have a process that would allow for the pinpointing of noise to the design parameters.
This was done using PSU-WOPWOP to allow for the FWH equation to break down noise
into thickness and loading noise. Then the noise was traced towards the parameters directly
using JMP predictor screening (bootstrap partitioning) to discover significant drivers of
noise. Spectrum analysis displayed thickness noise as a the major contributor to noise
compared to loading noise. The influential parameters confirmed this further by showing
that chord was within the top three significant drivers of noise. In order to predict this for
future designs and work in a quick and efficient manner for the conceptual design stage,
several kinds of models were made to fit data. It was shown that a stepwise regression
model fits the data the best.
How would the interaction of architectural configurations and noise be predicted? The
combination of the duct and coaxial cases into the both cases allows analysis of the config-
urations interacting. As shown through the influential parameter analysis, the configuration
parameters do not seem to effect the noise significantly. Therefore the configuration does
not play as much of importance as the rotor design itself. It seems that the rotor analyzed
alone, will give a good sense of noise levels, but this was not compared to previous semi-
empirical models.
Looking at the hypotheses of the thesis further shows what has been proven or dis-
proven. The first hypothesis stated that if design and configuration parameters can be re-
lated to noise outputs by controlled detailed modeling, a simplified model can be built to
replicate it. There were clear trends across the influential parameters, that remained con-
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sistent through each of the model profilers. This showed consistency and validity of the
experiment. It also showed that a model could be generated well enough to replicate this
process. The stepwise regression model showed a good fit of the data.
While the second hypothesis sates that, if noise trends are apparent across various con-
figurations, then acoustic considerations can be accounted for in the conceptual design
stage across the UAM design space of interest. While trends are apparent, they were only
apparent for rotor designs and not the configuration space. This may not hold true across a
larger design space with more complex, or combined configurations, but within the space
specified here it proved to be effective. Since the trends were apparent, it is concluded that
acoustic considerations can be accounted for early on in the design stage.
Overall, non-traditional configurations can provide many benefits in terms of perfor-
mance and acoustics. This study gave insight into the source noise generation of various
configurations that are still being researched. Some of these configurations can be layered
on top of each other for a combination effect, but analysis showed that rotor analysis outside
of configuration is more significant. Trends showed to be apparent across the configura-
tions and a representative model fit the data well enough to be used for future designs. This
will allow designers to account for noise considerations early on in the conceptual design
stage.
7.1 Future Work
This study did not utilize a sensitivity study for CFD meshing since each configuration
would require one for the most accurate results. It would be recommended to do one
because it allows for improved convergence and resolution. PSU-WOPWOP was used for
this research, but many different acoustic solvers exist, such as CAA which would be more
accurate, with the drawback of being more computationally expensive to use. If there was
a desire for a higher degree of accuracy, CAA would be recommended.
This study only account for the effects of the parameters listed in 2.1 through 2.3 and
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their associated ranges. These ranges are directly linked to the outputs that were shown
in the results. The order can change dramatically with a different set of ranges. This
research can be expanded to include a larger range of parameters, using this same method-
ology. Other parameters have been shown to effect noise of rotorcraft vehicles that could
be included. This would mean expanding the Mach number and, therefore, include noise
phenomena within the supersonic regime. Therefore, more analysis could be done looking
at BVI and HSI in more detail. A future study could potentially include more, less, or
different, parameters to show effects.
There was only one case within the DOEs in which all the parameters matched across
the configurations. It would be recommended to have more cases in which the parameters
matched in order to draw more conclusive results.
The FAA has not yet created standards for these UAM vehicles, therefore certain pa-
rameters were chosen in order to help control the experiment. Only hover was analyzed
in this thesis. It would be important in the future to discover the noise within take off and
landing of these vehicles because of the proximity to the people it would be effecting. This
would add more variables into the experiment. If the FAA were to determine standard ap-
proach and departure procedures for these UAM vehicles then that could be followed. To
look at a single overall noise value, OASPL was used. This metric has it’s own weightings.
Since the FAA has not yet provided a metric, it would be interesting to see how the results
change in terms of metrics.
This study was done with the intent to create a process to overall lessen noise and,
therefore, human annoyance. Pyschoacoustics, the study of human perception of noise, is
a growing field. Humans may perceive noise that is annoying much louder than it actually
is. To be able to track a human perception of noise across configurations would allow
designers to send more time on the aspects of the design that generate the annoyance. This
allows for more targeted and productive design. A pyschoacoustic study would require a
variety of human subjects to rank their annoyances and have that traced back to the sources
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of noise. There are many other noise metrics that attempt to do this in more simplified
ways which could be utilized, such as A-weighting or Community Tolerance Level (CTL).
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